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SUMMARY 
Results to date with the Flow Visualization Cell confirm the existence of 
inhomogeneous deformation in liquid lubricants at high pressure in the form of shear 
bands. 
A High Pressure Flow Visualization Cell has been designed and constructed to 
perform a fundamental investigation of the deformation behavior of liquid lubricants 
under lubricated concentrated contact conditions. A pressure of 0.3 GPa and a shear 
stress in Couette shear of about 25 MPa has been demonstrated. Time averaged velocity 
profiles show no discontinuities (slip) either in the bulk or at walls. Localized slip at 
shear bands inclined to the walls was demonstrated to occur during non-linear shear 
response. The number of shear bands increases with shear rate (and shear stress) from as 
few as one at the onset of non-Newtonian flow until the shear region is essentially filled 
with bands with a spacial periodicity of 7 ~m. Bands are typically inclined 19 o off the 
solid surfaces in a direction which reduces the compressive normal stress due to shear on 
the plane of the band. 
-2-
1. INTRODUCTION 
The origin of traction in the elastohydrodynamic (EHD) lubrication of 
concentrated contacts has been a vexing problem that has plagued researchers for 
years. Linear Newtonian behavior fails spectacularly in predicting EHD frictional 
traction. The fact that traction in EHD seldom exceeds one-tenth of the average 
pressure and that this could not be explained in terms of a Newtonian viscous fluid 
led Smith (1959) to propose a limiting shear stress for the lubricant. That is, that 
the lubricant flows as a plastic solid at some shear stress which varies with 
temperature and pressure. This concept has been supported by numerous primary 
high-pressure measurements (Bair and Winer, 1979 and 1990, and Ramesh and 
Clifton, 1987). 
The transition from linear Newtonian behavior to rate-independent (plastic) 
behavior is illustrated by the steady shear flow curves in Figure 1. Here, the 
logarithm of shear stress is plotted versus logarithm of shear rate for a polyphenol 
ether (5P4E) and a mineral oil (N1). Shear stress is observed to increase first in 
proportion to shear rate (Newtonian)- then a non-linear transition region occurs-
followed by continuous shearing at a limiting stress, rL. This limiting stress is 
approximately proportional to pressure. Elastic effects are observed for transient 
loading in shear (Bair and Winer, 1979). The recoverable elastic strain is typically 
0.02 to 0.03. Because the glass transition temperature increases with pressure, 
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many liquid lubricants are below the glass transition temperature in concentrated 
contact (Alsaad, et.al., 1978). In Figure 1, p is the ratio of pressure to glass 
transition pressure. 
As of this time the limiting shear stress concept lacks a firm theoretical 
foundation. Evans and Johnson (1986) proposed a mechanism by which the non-
linear transition is attributed to the thermal activation model of Eyring and the 
rate-independent behavior is explained by shear bands as occur in the deformation 
of solid polymers. Bair and Winer (1990) showed that the dislocation model of 
Gilman (1975) for amorphous metals predicts the pressure dependence of the 
limiting stress. Many have suggested wall slip and Kaneta et.al. ( 1990) have 
presented an inconclusive argument based on EHD film thickness observations to 
support wall slip. All of these mechanisms incorporate some type of shear 
localization. 
It is the objective of this program to perform a fundamental investigation of 
the shear deformation of liquid lubricant films at high-pressure to elucidate the 
flow mechanisms which produce the observed rheological behavior. Toward this 




In order to visualize the shear deformation of liquid lubricant films at 
elevated pressure, a test cell must shear a liquid sample in such a manner that the 
sample may be illuminated and local displacements or velocities be viewed and 
measured. To simplify interpretation of results, the Couette shear configuration 
was selected. A schematic drawing of the flow visualization configuration is 
given in Figure 2. The liquid sample is sheared between the end of a stationary 
shaft (pin) and a flat on the side of a moving shaft. The moving shaft translates 
axially. Illumination and viewing are at right-angles to the axes of both shafts. 
Two techniques for flow velocity measurement were considered: laser 
doppler velocimetry and particle tracing. The former technique was rejected due 
to the rather large (compared to the film thickness) spatial resolution. However, 
the present flow cell may be adaptable to other measurement techniques not yet 
considered. 
Originally, carbon black with 0.3 J..Lffi particle size was used as a tracer 
because of its opacity. This material agglomerates into larger particles of various 
sizes. It was quickly found that the larger of these particles could be seen far from 
the plane of focus of the microscope. Since it is imperative that only particles 
within the shearing gap be seen and preferable that only particles near the focal 
plane be visible, the smallest visible particle should be selected. Commercially 
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available polystyrene tracer spheres with fluorescent dye were found to be 
soluable in lubricants. Glass spheres of 2 J,tm diameter were found to be visible in 
one of our model lubricants (5P4E)-apparently due to the difference in retractive 
index. These particles are not visible at more than O.lmm from the focal plane. 
2.2 Test Cell 
A proof-of-concept prototype of the Flow Visualization Cell was 
constructed so that the technique might be proven at atmospheric pressure before 
embarking on the design of a high-pressure version. It was determined that the 
motion of carbon black particles could be tracked in a 100 J,Lm thick film in 
Couette shear using a reflecting objective microscope with long (24mm) working 
distance. 
The final design of the High-Pressure Flow Visualization Cell is shown in 
Figure 3 in cut-away. The internal components are symmetric about the cutting 
plane through the stationary shaft so that the entire cell interior need not be shown. 
The stationary shaft or pin is hollow to accept a thermocouple and is clamped to 
the pressure vessel. The moving shaft extends completely through the vessel to 
balance the hydrostatic force upon it. The shearing gap may be varied from 0 to 
200 11m by rotating the moving shaft although the boundaries are only exactly 
parallel for one gap dimension. illumination is usually through the lower window. 
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A beam splitting prism in the optics allows illumination from above for finding 
the top of the gap. 
The moving shaft passes through one isolating piston and one high-pressure 
seal at each end. The pressurizing medium, a diester, is admitted between the 
high-pressure seal and the isolating piston through a port in the back of the cell. 
The moving shaft is driven axially by a hydraulic cylinder (not shown in the 
figure) and positioned rotationally by a worm and gear (also not shown). The 
axial displacement of this shaft is measured by an L VDT external to the cell. 
Windows are sapphire and are sealed to the closures by a lapped fit. 
Temperature of the cell is controlled by either a resistance heater or liquid nitrogen 
boil-off passing through an aluminum block which is fastened to the exterior of 
the cell. Temperature is measured at the thermocouple in the hollow stationary 
shaft (pin). 
Initially, the moving shaft was driven hydraulically by kerosene from a 
variable displacement metering pump. It was soon found that the vibration of the 
pump motor caused the small (2pm) tracer particles to disappear from view. 
Bottled gas was used thereafter in place of the pump. 




A prerequisite for a microscope objective used to view material within a 
pressure cell is a long working distance to accomodate the thick pressure vessel 
walls. In this case, the minimum working distance is about 20 mm - longer if 
filters are placed between the cell and objective. Also a high magnification is 
required in order to keep the gap and tracer particles small. For these reasons, a 
reflecting objective (15X) was selected. 
illumination through the lower window is provided by a 150W incandescent 
variable source through a fibre optic bundle. A 50W incandescent source is 
provided for illumination from above in order to position the focal plane at the top 
of the shearing gap as seen in the upper view of Figure 2. A dial indicator 
mounted to the microscope tube indicates the microscope objective relative 
working distance so that any position measured into the gap may be selected. 
However, there is a fundamental problem related to viewing the interior of a 
cavity with parallel walls in that material near the wall is obscured by the 
interference of the opaque wall with the acceptance cone of the objective. This 
effect is such that for each 100 pm deeper one moves the focal plane into the gap, 
5pm is obscured along the wall. A depth of 200-250pm into the gap was selected 
for viewing as a compromise between the conflicting requirements of viewing 
fully-developed flow and seeing material near the walls. 
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The microscope tube has been adapted to accept video cameras and a 35mm 
film camera. A high-speed video system of up to 12,000 frames per 'second was 
tried. However, insufficient illumination was available for framing rates above 
30/sec which is the conventional video rate. 
2.4 Experimental Liquid Lubricants 
For an exploratory study of lubricant shear rheology, it is advantageous to 
select as model liquids, materials which have seen application as EHD lubricants 
and for which much data- both rheological and tribological - are available in the 
literature. Also, as the velocity measurement technique is limited to low shear 
rates of less than 1 os- 1, it is important that the viscosity be great enough to yield 
non-Newtonian flow at this shear rate. That is, a shear stress approximately equal 
to the limiting stress must be obtained at a shear rate of 10s-1. 
The liquids selected are: a mineral oil - LVI 260 and a synthetic oil - 5P4E, 
a polyphenol ether. These have been characterized extensively i~ the literature 
(Johnson and Tevaarwerk, 1977, Bair and Winer, 1982 and 1990, Hutton, 1985, 
Ramesh and Clifton, 1987). 
As a guide in selecting experimental conditions and in interpreting the 
results, it was necessary to determine the pressure-viscosity characteristics of the 
experimental liquids. This was done to pressures above the glass transition by a 
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method outlined by Bair and Winer, 1991. Results are shown in Figure 4 for 
5P4E. 
It is important to show that the tracer particles have negligible influence on 
the liquid rheology. This was demonstrated in the Newtonian regime by repeating 
some of the viscosity measurements with 2~m glass spheres dispersed in the 
liquid. Weight fractions of 0.1% and 0.5% were employed and are typical of 
concentrations used in the flow visualization experiments. (Volume fractions are 
0.4 of these values.) 
The viscosity, Jl, was found to be a function of temperature, T, and pressure, 
p, which could be described by a modified free volume model (Bair and Winer, 
1991). The curves in Figure 4 represent 
Jl.= 
_2_3 [C1 [T-Tg (p)] F(p) J 
C2 + [T-T8 (p)] F(p) 
Jlge , P ~ P8 
a (P-P) 
Jlge g 8 , P > P8 
F = 1 - B1 ln (1 + B2Jl) 
The glass transition temperature, T g' is assumed to be an isoviscous state with 
viscosity, Slg· Both T g and the rel~tive free volume expansivity, F vary with 
pressure. The conventional free volume relation fails above the glass transition 
-10-




3.1 Shear Force Measurement 
During preliminary measurements it was observed that the stationary shaft 
or pin deflected a small but measurable distance in the manner of a cantilever 
beam due to the shear stress at the shearing region and due to the drag of liquid 
flowing around the pin outside diameter. The relationship between pin deflection 
and a shear force at the end of the pin (stationary shaft) was calibrated and found 
to be linear. When the edge of the pin is in view (i.e. the entrance or exit to the 
shearing region) the shear force can be measured. Unfortunately, the pin 
deflection is not entirely due to the shear stress in the region of interest. However, 
if the effective shear force from the drag of the flow around the pin varies linearly 
with moving shaft speed (and, therefore, with shear rate in the shear region) then, 
any non-linearity in the steady shear force-shear rate response must be attributed 
to non-Newtonian flow in the shear region. 
This is illustrated by Figure 5 where the pin force is plotted versus shear rate 
(determined from the moving shaft velocity divided by the gap which was 
150J.Lm). A linear proportional behavior is observed up to a force of lOON. If this 
force is converted to an effective shear stress by dividing the area of the pin end, 
the non-linearity begins at about 30 MPa. The limiting shear stress at these 
conditions would be expected to be about 23 MPa from concentric cylinder 
rheometer measurements (Bair and Winer, 1990). In fact, if the last two measured 
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points on Figure 5 are assumed to represent rate-independent behavior in the shear 
region, the force due to free stream drag can be subtracted and a limiting shear 
stress of 21 MPa results. It must be concluded that a departure from linearity in 
the pin force/shear rate represents the transition between Newtonian to limiting 
stress behavior. The viscosity determined in this exercise is 1.7 X 108 Pas which 
is in agreement with the viscosity measurements of Figure 4 and is shown as the 
triangle in that figure. 
3.2 Velocity Profiling 
Local liquid velocities can be determined from the ratio of particle 
displacement to the time interval over which the displacement occurred (Muller-
Mohnssen, et.al., 1990) assuming that the local particle velocity is identical to the 
local liquid velocity. Several commercial image analysis systems were utilized in 
an attempt to automate the particle tracing. All of these systems were found to be 
incapable of recognizing particles as small as 2pm and as explained previously we 
prefer not to use larger particles. 
Early velocity profiles which indicated slug flow or shear localizatio"n at the 
walls were apparently the result of contamination of the test liquid by the lower 
viscosity pressurizing medium which had entered the shearing region through the 
isolating piston. 
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A typical set of time averaged velocity profiles is shown in Figure 6 for the 
indicated shear rates. The gap measured 127 pm. The local velocity, u, was found 
from the displacement of a tracer particle over a time which varied from one to 
two seconds. The velocity scale is not the same for all plotted profiles. Velocities 
are corrected for the deflection of the pin and the particle concentration was 0.1% 
by weight. 
A total of about twenty five velocity profiles have been obtained for the 
liquid 5P4E, for various temperatures, pressures and shear rates. These profiles, 
which were time averaged over several seconds, indicate a linear velocity 
variation across the gap. These velocities when extrapolated to the wall position 
are in good agreement with the wall velocities. (Note that approximately 20pm of 
liquid near the wall is obscured.) Then, if wall slip were occurring, it would 
necessarily be a very small fraction of the relative velocity of the boundary 
surfaces. 
3.3 Shear Bands 
It was observed during the velocity profiling that at the higher shear stresses 
visible artifacts appeared in the form of bands. When polarizing filters were 
placed between the light source and the cell and/or between the cell and the 
microscope, thick diffuse colored bands were observed along flow streamlines 
during stress transients. These are possibly due to birefringence from molecular 
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alignment in shear. When no optical filters were employed and particularly for 
low tracer particle concentration very sharp bands were inclined to the liquid 
boundaries in the manner which has been observed for shear bands in solid 
polymers (Wu and Li, 1976). It is these sharp inclined shear bands that are of 
primary interest here and will be examined in more detail in what follows. It will 
be shown that slip actually occurs along an individual band. 
Shear bands are shown in the video prints in Figure 7 along with the 
shearing direction. These bands appear with an angle of 19 • to the solid surfaces 
and oriented such that they lie in a plane of reduced normal stress due to shear. 
The inclination angle appears to increase as the band rotates with the continuum a 
few degrees until the band disappears. The conditions for Figure 7 are 220 :MPa, 
22 ·c and a shear rate of 0.25s- 1. The material is 5P4E and the gap is 130~Jm. 
When multiple bands form, as in Figure 7, a strong spacial periodicity is seen and 
the separation is about 7 llm measured perpendicular to the band. Shear bands 
were observed in 5P4E at pressures of 125 to 220 MPa, temperatures of 5 to 22 • C 
and for gaps of 47 to 220~-Lm and in LVI 260 (mineral oil) at a pressure of 270 
:MPa and 5 • C. 
The appearance of shear bands is associated with the onset of non-linear 
shear rheology as shown in Figure 8. The first shear band is observed in the 
second video print from the left which corresponds to the first data point past the 
Newtonian regime as described in a previous section. The pressure is 220 :MPa 
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and the temperature is 22 ·C. This correlation was found at several 
temperature/pressure combinations. As the pin force (and shear stress) is 
increased the bands proliferate until they appear to fill the entire shearing region. 
The tracer particles which were used to generate velocity profiles can be 
used to detect slip associated with a band. For this purpose it will be useful to fmd 
two particles near the midplane of the shearing region and nearly equidistance 
from the solid boundaries. The motion of this pair of particles without the 
influence of a shear band is shown in Figure 9a. Particles A and B move an equal 
distance in the shear direction over some time interval. If a shear band were 
operating between these particles, then the motion would be expected to be the 
same as in Figure 9a except that a slip displacement aligned with the band would 
be added to the particle motion as shown in Figure 9b. Our ability to measure a 
particle position is limited to a resolution of about 0.5 J,Lm. Therefore, it is 
convenient to place a coordinate system, XY, on particle A as in Figure 9c. 
(Recall that these particles are equidistance from the boundruies.) Now, if there is 
no slip the X and Y coordinates of B will not change over a time interval during 
which a band exists between A and B. If slip occurs, the total slip will be the 
change in X and Y during that time interval, llX and flY respectively. Video tapes 
were reviewed to find pairs of part~cles which satisfied the above geometric 
requirements and for which a single shear band passed between. The 
displacement of B with respect to A is plotted for one such pair in Figure 10. The 
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displacement at the indicated time is relative to time zero. Straight lines were 
drawn between readings which were taken at 1, 2, and 3 seconds although the 
actual history between readings is not known, A shear band was visible for some 
time between 1 and 2 seconds and not for the previous and succeeding interval. 
The relative displacements were consistent with slip along the band. 
The total slip, 4 AX 2 + ll Y 2 is tabulated alon-g with the slip direction, tan -1 
flY /llX for three examples. The first entry in the Table is that of Figure 10. 
Recalling that our resolution is 0.5 pm, the slip direction is consistent with the 
observed band orientation. 
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4.0 CONCLUSION 
A High Pressure Flow Visualization Cell has been designed and constructed 
to perform a fundamental investigation of the deformation behavior of liquid 
lubricants under lubricated concentrated contact conditions. A pressure of 0.3 
GPa and a shear stress in Couette shear of about 25 MPa has been demonstrated. 
Time averaged velocity profiles show no discontinuities (slip) either in the bulk or 
at walls. Localized slip at shear bands inclined to the walls was demonstrated to 
occur during non-linear shear response. The number of shear bands increases with 
shear rate (and shear stress) from as few as one at the onset of non-Newtonian 
flow until the shear region is essentially filled with bands with a spacial 
periodicity of 7 Jlm. Bands are typically angled 19 • off of the solid surfaces in a 
direction which reduces the compressive normal stress due to shear on the plane of 
the band. Of course, continuity requires that slip not extend to the boundary. The 
shear band may turn tangent to the wall or end near the boundary. According to 
Haward (1973) shear bands may be wholly contained within the body 




Results to date with the Flow Visualization Cell confirm the existence of 
inhomogeneous deformation in liquid lubricants at high pressure in the form of 
shear bands. Future work should extend measurements to additional lubricant 
chemical structures. Additional work must be done to elucidate the slip criterion 
which controls shear band formation. Theoretical modeling should be performed 
to permit generalization of the concept. For this purpose measurements should be 
made of: 
1) Shear band slip as a function of distance from walls. 
2) Shear band angle as a function of pressure and chemical structure. 
3) Shear band operating time as a function of shear rate. 
Also, modifications should be made to the cell to raise the shear stress capability 
and reduce the minimum gap to more closely simulate lubricated contacts. 
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The Transition From Newtonian to Plastic Flow for Various 
Dimensionless Pressures. r is Shear Stress and .Y Shear Rate. 
Flow Visualization Configuration. (Illumination Through Lower 
Window.) 
High-Pressure Flow Visualization Cell. 
Pressure-Viscosity of 5P4E and the Effect of the 2J,Lin Tracer Particles. 
Pin Force Versus Overall Shear Rate. 
Velocity Profiles. 
Shear Bands in 5P4E at 220 MPa, 22 • C, and Shear Rate of 0.25 s-1. 
Shear Bands Are Associated With Non-Linear Behavior. 
Particle Motion Under Influence of a Shear Band. 
Relative Displacement of a Pair of Particles Astride a Shear Band. 
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Figure 10. Relative Displacement of a Pair of Particles 
Astride a Shear Band. 
